Epithelial ovarian cancer (EOC) is the fourth leading cause of cancer-related deaths in women in the United States and the leading cause of gynecologic cancer deaths. 1, 2 Approximately 80% of patients with primary disease respond to surgery and chemotherapy, however, 60-80% of these patients will present with recurrent disease between 6 months to 2 years post treatment and the number of responders decreases to ~15% for recurrent cancers. 3 Individuals who succumb to advanced-stage ovarian cancer inevitably become refractory to chemotherapy, resulting in disease progression and death. The source of recurrence and lack of response to chemotherapy is unknown. The focus of this review is to evaluate the question of recurrence and chemoresistance based on the concept of the cancer stem cells.
Cancer Stem Cells
Cancers often arise from normal tissues in the skin, gut and reproductive organs (i.e., ovary, endometrium, breast) where constant turnover is required to ensure a continuous supply of newly differentiated cells. Replacement of the mature cells is accomplished by a highly orchestrated process in which a relatively small population of self-renewing adult stem cells gives rise to progenitor cells, which undergo limited rounds of mitotic division prior to terminal differentiation. 4 In the cancer tissue, this population of long-lived cells with extraordinary expansion potential has been called tumor-initiating cells or cancer stem cells (CSCs). 5, 6 CSCs are defined as cells within the tumor that possess the capacity to self-renew and to cause the heterogeneous lineage of cancer cells that comprise the whole tumor. 4, 7, 8 They were initially identified Key words: ovarian cancer stem cells, inflammation, toll-like receptors, nuclear factor kappaB, ovarian cancer, recurrence in leukemia, and more recently in solid tumors. [9] [10] [11] Current evidence suggests that these cells are the putative mediators of chemotherapy resistance and tumor progression. 8 It is thought that CSCs are able to survive conventional chemotherapeutic treatments, which usually target fast dividing cells, and give rise to recurrent tumors that are more chemoresistant and more aggressive. [12] [13] [14] It is therefore important to identify and characterize these cells to develop new diagnostics and therapeutics.
Ovarian Cancer Cells with Stem-Like Properties (Type I EOC Cells)
One of our earlier observations relating to the heterogeneity of ovarian tumors was associated with the propagation of freshly isolated ovarian cancer cells from the same tumors, but with differential response to chemotherapy. We identified at least two types of EOC cells based on their chemo response: Type I, chemo-resistant and Type II, chemosensitive EOC cells. Further characterization showed that these cells have additional differences in terms of their growth, cytokine production and intracellular markers. While Type II EOC cells represent the "classical" ovarian cancer cells characterized by fast growth and cell division, and lack of cell-to-cell contact inhibition, Type I cells are characterized by slower growth, which is inhibited upon cell-tocell contact (Fig. 1) . 10 In addition, Type I, but not Type II EOC cells, have constitutive NFκB activity and constitutively secrete IL6, IL8, MCP-1 and GROα. 14, 15 Gene expression microarray analysis obtained from these two types of cells further showed numerous differentially expressed genes including Cytokeratin 18, the TLR adapter protein, MyD88 and several genes that are associated with stemness such as CD44, Oct-4, SSEA-4 and others, which were highly expressed in the Type I EOC cells. 10 These markers were validated at the protein level with western blot analysis ( Table 1) .
These findings suggest that Type I EOC cells may represent the population that has stem-like properties. Indeed, we have demonstrated that Type I EOC cells, as selected by the cell surface marker CD44, are able to form tumors in mice containing both CD44 + and CD44 -cells. More importantly, microscopic analysis of the xenografts obtained showed that Type I EOC cells were able to recapitulate the morphology of the original tumor. 10 Taken together, this suggests that Type I EOC cells can both self-renew and differentiate. The process of differentiation was also observed in vitro wherein 100% of CD44 + cells seeded at very low density eventually gave rise to cultures that looked morphologically different. Whereas the original CD44 + culture doubles every 36 h, the resulting CD44 -culture doubles faster, review review expressed the stem cell factor CD117 and were able to form xenografts in nude mice. In another study, Zhang et al. reported the isolation of ovarian cancer-initiating cells from primary tumors. Using primary tumor specimens obtained from five different patients, they collected non-adherent cells, which then formed spheroids. The spheroid forming cells were resistant to conventional chemotherapy and formed xenograft tumors of identical phenotype. The main markers identified in these cells were CD117 and CD44. 17 Still in another study, Deng et al. identified cells with properties of CSCs based on aldehyde dehydrogenase isoform 1 (ALDH1) activity. The study was done mainly with cell lines although ALDH1-positive cells were evaluated in tissue samples from ovarian cancer tumors.
18 ALDH1 could then be an interesting maker for identification of ovarian CSCs but additional validation studies are still needed. A major limitation in this study is the fact that it was limited to the study of cancer cells lines, which carry many variations as a result of culture conditions.
The above studies demonstrated the existence of multiple cell populations in ovarian tumors and showed that the concept of every 16 h. Moreover, while CD44 + cells (slow dividing cells) are chemo-resistant, the newly differentiated CD44 -cell cultures (fast dividing cells) became responsive to chemotherapy. Evaluation of the presence of CD44 + cells in ovarian cancer tumors revealed their presence in clusters and in close proximity to the stroma surrounding the tumor. These cells are morphologically less differentiated with an immature appearance including larger size, higher nuclear to cytoplasm (N/C) ratio, vesicular chromatin pattern and prominent nucleoli (Fig. 1C  and D) .
Ovarian Cancer Stem Cells
Bapat et al. reported for the first time the isolation and identification of stem-like cells in ovarian cancer. 16 Using an in vitro model system comprising of 19 spontaneously immortalized clones derived from an advanced-grade patient, the authors were able to show the expression of CD44, EGFR and E-cadherin on 17 of the clones. One of the clones exhibited anchorageindependent growth and formed spheroids. These cells to their differentiation. Once the tissue is repaired, the stem cells return to a quiescent state. In tumor tissue, however, the original expansion following tissue damage (brought by either surgery or chemotherapy) might follow characteristics to those in normal tissues, but the control of the expansion process may be significantly altered and the CSCs may not immediately return to quiescence after repair is completed. This may explain why we observed several tumors from ovarian cancer patients with a CSC compartment comprising more than half of the tumor tissue.
Using an in vitro wound/healing model, we have shown that the repair process following a scratch wound is driven mainly by the replication or self-renewal of Type I EOC cells. Evaluation of the cytokine profile showed that cultures with a wound had a significant increase in the production of pro-inflammatory cytokines compared to controls without a wound. Interestingly, the cells farthest away from the wound, and not those in the vicinity of the wound, had the highest levels of cytokines. Therefore, we propose that inflammation, as a result of the injury, may affect the process of self-renewal and differentiation. It would be extremely important to determine whether inhibition of inflammation could prevent tumor repair and renewal; if that is the case, then anti-inflammatory compounds could inhibit the repair capacity of EOC stem cells and may have a significant effect on disease recurrence.
Toll-Like Receptor Inflammation, NFκB and Ovarian Cancer Stem Cells
One of the major challenges in understanding the connection between inflammation and cancer is to identify the triggering events that lead to the inflammatory response, the source and CSCs is also applicable in ovarian cancer. However, the markers reported have a high degree of variation, which may be associated with the different stages in the hierarchy of the CSCs, or potential difference in origin of the tumors. In solid tumors, the capacity to form multi-cellular spheroids is one of the most commonly used techniques to evaluate selfrenewing properties and stemness potential. 19, 20 However, our studies in ovarian cancer suggest that the spheroid-forming cells are one step beyond in the differentiation process and represent the population of Type I EOC cells that underwent epithelial mesenchymal transition (EMT, Yin et al. submitted). Thus, especially in solid tumors, cells obtained form spheroid cultures may already represent a more differentiated population than the original CSCs. Indeed, in our system, many of the stemness markers found in Type I EOC cells are lost in the spheroid cultures. Therefore, it is necessary to consider that when markers identified in spheroid cultures are used to isolate CSCs, it is possible that the epithelial CSCs will be missed.
Self-Renewal and Differentiation
Tissues and organs maintain their original mass and architecture over time through a tightly regulated process of tissue remodeling. As aging or damaged cells undergo apoptosis, new cells will replace them, therefore maintaining the normal tissue structure and function. New evidence suggests that this active process of tissue remodeling is sustained by the adult stem cells. Three major properties are associated with stem cells: (i) differentiation, which is the ability of a stem cell to give rise to a heterogeneous progeny of cells; (ii) self-renewal, which involves the ability to form new identical stem cells; and (iii) homeostatic control or the ability to modulate and balance differentiation and self renewal according to environmental stimuli or genetic control. 21 In normal tissues, stem cells are a minority of the whole organ. Tissue injury is accompanied by the expansion of tissue-specific stem cells through renewal divisions in order to repair the injury. Once the wound is repaired however, the stem cell compartment returns to quiescence.
Many of these characteristics of the normal adult stem cells have also been attributed to the CSCs. 6 Like normal stem cells, most CSCs have been shown to comprise <10% of the tumor tissue. However, our work with ovarian cancer showed a wide range of variation in the percentage of the CSCs. We have identified multiple cases wherein the CSCs, as identified by CD44 staining, comprise more than 50% of the tumor tissue. This shows that the size of the CSC compartment can be highly variable. This observation indicates that the regulation of self-renewal and homeostatic control is altered in Type I EOC stem cells. Therefore, not all characteristics and attributes of normal stem cells are maintained in the CSCs, this is especially true in terms of self-renewal and homeostatic control.
Self-Renewal, Inflammation and Tumor Repair
As described above, in normal tissues following injury, there is an expansion of tissue specific stem cells to initiate repair prior target of the inflammatory signals, and how this can contribute to tumor progression. Toll-like receptors (TLRs) are a family of transmembrane proteins, which recognize and respond to conserved pathogen-associated molecular patterns (PAMPs) that are expressed by microorganisms. To date, ten human TLRs and their specific ligands have been identified. Although TLRs individually respond to limited ligands, collectively as a family, TLRs respond to a wide range of PAMPs associated with bacteria, viruses, fungi and parasites. TLR-2 (with -1 or -6), -4, -5 and -9 recognize mainly bacterial products, while TLR-3 and -8 detect viral components. In addition, some TLRs, such as TLR-2, and -4 respond to endogenous "stress" proteins, such as heat shock protein (Hsp 60), hyaluronan and fibrinogen. 22, 23 It should be noted that most of these endogenous ligands are released as part of cellular debris following cell death. 24 Most TLRs signal through a common pathway since they possess a common intracellular domain known as the Toll/IL-1R homology region (TIR). 25 Following TLR ligation, the TIR recruits the adopter protein MyD88, which then leads to downstream activation of the NFκB and MAP kinase signaling pathways, resulting in an inflammatory response, which is characterized by the production of cytokines and chemokines. 26 TLRs are widely expressed by the cells of the immune system, and initiate an inflammatory process in response to microbial products or stress factors. [27] [28] [29] In addition, TLRs have been described in non-immune cells, such as mucosal epithelium and trophoblast cells. [30] [31] [32] Similar to immune cells, the ligation of TLRs in non-immune cells results in the expression and secretion of pro-inflammatory cytokines. 33 We found that Type I EOC stem cells, but not Type II EOC cells, have a functional TLR-4 pathway. Indeed, ligation of TLR-4 by LPS or paclitaxel induced cell proliferation and enhanced cytokine/chemokine production in Type I EOC cells. 34 Recently, Lee et al. 35 reported the expression of TLRs in embryonic stem (ES) cells and showed that TLR ligands stimulate ES cell proliferation and promote differentiation. Since EOC stem cells express a functional TLR pathway, it is plausible that activation of the TLR pathway may enhance the pool of Type I EOC stem cells or promote its differentiation to mature Type II cells leading to renewal of the tumor. Furthermore, as mentioned above, cellular debris released during surgery or chemotherapy, can be recognized by TLRs expressed in Type I EOC stem cells and this can initiate the tumor repair process responsible for recurrence.
Twist at the Interplay of Self-Renewal, Inflammation and Differentiation
NFκB is one of the key transcription factors in proinflammatory responses and copious evidence has been reported that links NFκB activation and cancer development. 36, 37 Several cytokines and chemokines produced at the tumor microenvironment by immune cells, such as macrophages, are thought to drive the neoplastic process. 38 However, the contribution of cancer cells themselves in the maintenance of a pro-inflammatory environment that promotes cancer growth is largely overlooked and sometimes considered passive. EOC stem cells, through constitutive cytokine production, may significantly contribute in the maintenance of an inflammatory environment that promotes tissue repair and renewal. 39 The main trigger of constitutive NFκB/cytokine production in EOC stem cells is IKKβ, which is expressed only in Type I EOC stem cells. 15 Upon differentiation, Type I EOC stem cells lose IKKβ expression, NFκB activity, and therefore the capacity to produce cytokines. The regulation of IKKβ during the process of differentiation seems to be regulated by a cluster of micro RNAs, including miR199a and miR214. 15, 40 Evaluation of the genes differentially expressed between Type I and Type II EOC cells revealed that Twist-1, a transcription factor involved in the process of differentiation, is highly expressed in Type II but not expressed in Type I EOC stem cells. 41 Twist-1 is a highly conserved protein that belongs to the family of basic helixloop-helix (bHLH) proteins. [42] [43] [44] Twist-1 has been implicated in the differentiation of multiple cell lineages including muscle, cartilage and osteogenic cells. 45 In mice, Twist-1 was shown to be required for proper development of the head mesenchyme, somites and limb buds. 46, 47 Mice lacking Twist-1 die at E10.5, confirming its important role in development and differentiation. 48 In addition, Twist-1 has been shown to be important in the regulation of inflammation and programmed cell death. 43, 44 Recent studies have reported Twist-1 expression in several forms of cancer. [49] [50] [51] In our studies during the process of in vitro differentiation of Type I EOC cells, Twist-1 levels increased significantly followed by other changes in the cells including decrease in IKKβ, MyD88 and PTEN, and increase in pAKT and IKKα. Further evaluation revealed that Twist-1 is a major regulator of miR199a; and by inducing the expression of miR199a, Twist-1 is able to suppress IKKβ and NFκB activity in the Type I EOC stem cells. 41 These data suggest that Twist-1 expression has a relevant role not only on the process of differentiation from Type I EOC stem cells to Type II EOC cells, 15, 41 but also on the regulation of the inflammatory environment produced and maintained by the CSCs. Therefore, understanding the factors regulating Twist-1 expression is highly important for our understanding of the repair and differentiation processes. Furthermore, it would provide useful information that could allow us to monitor recurrence and prevent metastasis and chemoresistance.
Summary
Recurrence, metastasis and chemoresistance are the major barriers to the successful treatment of ovarian cancer. Chemotherapy eliminates the bulk of the tumor but leaves a core of cancer cells with high capacity for repair and renewal, the ovarian cancer stem cells (Fig. 2) . In order to improve and advance the management of this disease, it is critical to expand our understanding of the biology of the tumor and its complexity. The identification of ovarian cancer stem cells and its isolation will allow us to improve early detection as well as treatment and prevention.
